Abstract-Achieving higher photovoltaic efficiency in singlejunction devices is becoming increasingly difficult, but tandem modules offer the possibility of significant efficiency improvements. Device modeling shows that four-terminal CdTe/Si tandem solar modules offer the prospect of 25%-30% module efficiency, and technoeconomic analysis predicts that these efficiency gains can be realized at costs per Watt that are competitive with CdTe and Si single junction alternatives. The cost per Watt of the modeled tandems is lower than crystalline silicon, but slightly higher than CdTe alone. However, these higher power modules reduce area-related balance of system costs, providing increased value especially in area-constrained applications. This avenue for highefficiency photovoltaics enables improved performance on a nearterm timeframe, as well as a path to further reduced levelized cost of electricity as module and cell processes continue to advance.
I. INTRODUCTION
A S THE PV industry matures, gains in module performance and efficiency are becoming more difficult to achieve. Module costs are also decreasing dramatically and are no longer the primary cost driver in solar installations [1] . Efficiency improvements will increasingly become a primary driver for reducing the levelized cost of energy (LCOE) provided by PV installations. Combining two types of conventional cells into a tandem architecture holds promise for dramatically increasing total module efficiency, but at increased cost. Whether this tradeoff makes sense depends on the details of the structure. Device modeling and technoeconomic analysis have shown that two conditions must be met for tandems to be viable:
1) The tandem must have very high efficiency unobtainable using Si alone-i.e., exceeding 25%, to counteract its inevitably higher costs.
2) The two subcells should be roughly equal in cost, performance, and reliability to justify the use of a tandem cell instead of one of the individual cells alone [1] - [4] . Given the maturity of the PV market and the immediacy of climate change, it is also desirable that both cell technologies are already commercially manufactured, with proven reliability, The authors are with the National Renewable Energy Laboratory, Golden, CO 80401 USA (e-mail: adele.tamboli@nrel.gov; david.bobela@nrel.gov; Ana.Kanevce@nrel.gov; timothy.remo@nrel.gov; Kirstin.Alberi@nrel.gov; michael.woodhouse@nrel.gov).
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Digital Object Identifier 10.1109/JPHOTOV.2017.2737361 such that they can be deployed rapidly. A third criterion, band gap matching of the top and bottom cells, is more flexible. Although the detailed balance efficiency limit for a two-junction tandem on silicon is ∼45% for an optimized top cell band gap of 1.8 eV, efficiencies in excess of 40% are still theoretically possible for a top cell band gap as low as 1.4 eV if the cells are operated independently [3] . In fact, the record efficiency tandem on Si is a GaAs/Si device with a one-sun efficiency of 32.8% [5] . These performance benefits can be maintained at the module level using voltage-matched strings to obtain twoterminal modules, or by using separate inverters for each string. This type of four-terminal structure maximizes energy yield with varying incident spectra, as well [6] , [7] . Several different types of tandem cells have been experimentally demonstrated. Tandems based entirely on III-V materials, either in a monolithic [8] or mechanically stacked configuration [9] , have demonstrated the highest efficiencies (exceeding 30%). III-V/Si devices offer a possible path to almost as high efficiency at reasonable cost: We have recently reported >32% efficient dual-junction and nearly 36% efficient triple-junction III-V/Si solar cells along with a cost analysis outlining a path to economic competitiveness [5] . Perovskite/Si tandems, which have only recently been developed, offer the potential for excellent performance at a much lower cost [10] . Entirely thin-film-based approaches such as CdTe/CIS [11] , [12] and CIGS/CIGS [13] have been explored, but with lower efficiency overall.
Here, we investigate the potential efficiency and economic competitiveness of CdTe/Si tandem cells. This type of hybrid approach to a tandem cell could be rapidly scaled up using existing Si and CdTe facilities, and could offer performance benefits both for flat plate and low concentration installations. We assess a four-terminal cell architecture, where each cell is contacted separately, with a fabrication process as shown in Fig. 1 . In this work, we use device modeling and bottomup technoeconomic analysis to find that CdTe/Si tandems can provide nearly 30% efficiency, and that the costs are competitive with or lower than single-junction silicon and CdTe, especially in space-constrained residential installations. In the long term, development of new top cell materials with cost structure and efficiency similar to CdTe but wider band gaps could enable even higher efficiencies.
II. DEVICE MODELING
The efficiency of the CdTe top cell was modeled using the Sentaurus Device software package. The model consists of three layers: an SnO TCO, a CdS emitter, and a CdTe absorber with an Ohmic back contact. The CdTe is doped p = 2 × 10 14 cm −3 , and the minority carrier lifetime is varied over two orders of 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. magnitude, as reported in the experimental literature [14] . Optical absorption in the top cell was calculated using Beer's law, and 2% reflection at the front contact was assumed. The back surface recombination was assumed to be S = 10 4 cm/s, in agreement with recent experimental results [15] . Two absorber layer thicknesses were considered, a standard 4 µm thickness and an optically thin 1 µm absorber.
Recent advances in CdTe efficiency have resulted from consistent improvements to minority carrier lifetime and band gap tuning to enhance current. We have used minority carrier lifetime as a free parameter to characterize the main differences between current commercially available CdTe cells, with efficiency ∼16%, and record cells representing future commercial potential, with efficiency ∼22%. Our CdTe device model (see Fig. 2 ) shows the expected trend, with calculated cell efficiencies ranging from 16.5% to 22.9% as minority carrier lifetime increases from 1 to 100 ns. These trends are evident in the cell's J sc , V oc , and fill factor (FF): All parameters improve with increasing minority carrier lifetime. Typical CdTe absorber layers are ∼4 µm in thickness; the increase in J sc with absorber thickness is evident in Fig. 2 (a), resulting in a higher overall cell efficiency with a thicker absorber as long as the minority carrier lifetime is sufficiently high. If the cell is thinner, its efficiency drops, but due to increased transmission, this can be partially compensated by the silicon bottom cell. In the case of thin CdTe, the decrease in performance with decreasing lifetime is less than for a thick absorber. Thus, tandem cell applications may support both thinner and lower quality CdTe. Band gap tuning is taken into account in the consideration of transmitted spectra into the bottom cell.
For the silicon bottom cell, a p-type PERC (passivated emitter rear contact) structure was assumed. The PERC cell continues to grow in the market place, in part due to the advantage of increased efficiency of around 21% for monocrystalline Si wafers with only small additions to the overall process flow. This allows for continued improvements in efficiency while utilizing previous generation's toolsets and manufacturing learning. PERC cells' main costs drivers, like the previous generation of silicon cells, are gated by silicon wafer cost and metallization process steps. The backend module processing costs for PERC cells account for 37% of the module costs, so combining redundant processing with tandem modules could benefit the final module on an overall cost basis. We modeled a bottom PERC silicon cell starting with a standard PERC PC1D model [16] . We adjusted recombination parameters until cell performance (i.e., JV and EQE curves) matched representative best-in-class performance of lab scale cells [16] . To compute the PERC Si bottom cell performance under CdTe filtered light in PC1D, it is necessary to compute the device performance using the remaining spectrum, without the electrical influence of the CdTe cell. Following the guidelines described in [17] , we inserted into the PC1D model a slab of material with CdTe's optical properties, but with electronic properties similar to the front surface of the PERC Si cell. We decreased the minority carrier lifetime and mobility until exactly all optically generated carriers recombined within the slab. To avoid convergence issues that arise from high carrier densities or band discontinuities, we set recombination at both slab surfaces to zero, and set the slab doping level equal to the PERC front surface doping level. Light passing through the cell was assumed to enter the PERC cell with no optical loss, neglecting the potential impact of grid shading from the CdTe cell and other module-related optical losses. All device modeling assumes an input spectrum of one sun at AM1.5G and a cell temperature of 25
• C. The Si PERC cell, when modeled without a top cell filter, has a V oc of 690 mV, J sc of 39.4 mA/cm 2 , and an FF of 83.8%, for a total one-sun efficiency of 22.8% (see Table I ). This efficiency represents a relatively optimistic, but near-term, efficiency potential for Si. Using calculated transmission data for the CdTe cells simulated above, this Si cell was then modeled under a reduced spectrum assuming a variety of CdTe top cell configurations. Top cells were assumed to have band gaps ranging from 1.38 to 1.46 eV, representing a typical range of external quantum efficiency edges, with and without band gap tuning, from the literature [18] , [19] . These cells were assumed to incorporate an indium tin oxide (ITO) back contact with thickness ranging from 75 to 115 nm and carrier density of 1-6 × 10 20 cm −3 . Characteristic transmission, absorption, and reflection profiles of modeled CdTe cells at the two band gap extremes, as simulated using PV Lighthouse, are shown in Fig. 3 .
Transmission spectra of the CdTe top cells were used as input to simulate the Si bottom cells as a function of illumination conditions. The top cell "filter" primarily reduces the Si cell's J sc , resulting in cell efficiencies ranging from 4.4% to 7.8%. This prediction is slightly lower than experimental measurements of Si cells in III-V-based mechanically stacked tandems, where we have measured Si cell efficiencies of 12.5% under GaInP (1.8 eV) and 6.0% under optically thick GaAs (1.4 eV) [5] . This comparatively modest predicted contribution of the Si cell to the total efficiency may be partially compensated in a module by incorporating a bifacial design, which can collect excess diffuse or reflected light using a semitransparent backsheet.
Adding the calculated efficiencies for the CdTe and Si subcells, assuming both are operated at their maximum power points, yields the results in Fig. 4 . The tandem cell efficiency easily exceeds the 25% practical limit for Si PV, and the maximum predicted efficiency is 28.8%. CdTe thickness does not have a significant impact on overall device performance, since current lost in the top cell can be partially compensated by the bottom cell. Changing the CdTe thickness from 1 to 3 µm increases the CdTe efficiency by 0.2-1.1 percentage points, while decreasing the performance of the Si bottom cell by 0.4-0.8 percentage points. In addition, slightly lower quality CdTe does not degrade the efficiency too much: even with a 20 ns lifetime, the tandem efficiency is relatively high, ranging from 25.8% to 27.7%, still exceeding the likely efficiency of high-quality Si or CdTe alone. Improvements to tandem efficiency can be envisioned if there are advances in wide band gap thin-film materials as more optimally matched top cells for Si. For example, there have been several studies of widening CdTe's band gap by alloying with Mg or Zn [20] , [21] . Entirely new materials with fundamentally wider band gaps may prove even more ideal, but they must maintain CdTe's low cost structure and good reliability. Even without new advances, though, near-term tandem devices will provide efficiency benefits over the single junction alternatives alone.
III. TECHNOECONOMIC ANALYSIS
The cost analysis for the tandem CdTe/Si cell is based on previous bottom-up manufacturing modeling performed at National Renewable Energy Laboratory [1] , [22] , [23] . Each cell configuration is based on the current industry standard reference module. The variables used in these models are collected from interviews from key manufacturing and design personnel throughout the solar market supply chain and research community. The manufacturing process flows detail each step in the cell construction, as shown in Fig. 1 . In this scenario, the tandem cell is based on a PERC silicon module and CdTe module design with an ethyl vinyl acetate (EVA) interlayer.
The cost per area of PERC Si, traditional CdTe, and the proposed CdTe/Si tandem are shown in Fig. 5(a) . On a purely cost per area basis, CdTe PV is extremely inexpensive compared with both Si and tandem modules. Both the Si and CdTe/Si tandem module areal costs are dominated by the cost of the Si cell itself. In contrast, CdTe modules have lower cell costs but similar remainder-of-module costs. Material costs make up the bulk of this: the highest material cost processing steps are due to glass, electroplating of contacts, EVA, and J-box materials, and not specific to one cell deposition layer. Large reductions in total CdTe module costs would require reductions across multiple process steps or improvements in efficiency without offsetting additional manufacturing costs, and thus are difficult to achieve. When combining these cells together into a tandem, which provides a much higher cell efficiency, the key cost drivers will come from the elimination of redundancy, e.g., the cells share the module cover glass, backsheet, bus bar welding, etc. Designing processes or toolsets that could combine steps or materials have potential to make significant impacts across all cost categories. These costs already make up a significant fraction of module costs, and cell costs have been declining more quickly than the cost of other components of the module. Thus, the savings in moving to tandem cell structures may increase over time. An interesting effect of the dominance of the module integration costs in CdTe PV is that the cell deposition steps are more dominated by the high equipment costs than materials. This means that for the CdTe absorber, a reduction in total layer thickness of greater than 50% would reduce the total CdTe module cost by less than 1%. Thus, thinner top cell materials, as modeled in the previous section, do not reduce the tandem module cost significantly.
On a dollars per Watt basis [see Fig. 5(b) ], the proposed tandem cell structure is competitive with crystalline silicon even at the lower to middle range of modeled efficiency (25%), and becomes competitive with CdTe alone at the higher end of potential efficiencies (>30%). At these higher range efficiencies, the tandem module is also competitive with future Si cells with improved efficiencies closer to 22%. A long-term case is also shown for extremely high efficiency tandems (35%), which may be achieved if new thin film technologies are developed with wider band gap than CdTe but a similar cost structure. In all cases, these tandem modules provide more power per area than both alternative single junction materials at all projected efficiencies.
The curves shown in Fig. 5(b) do not include any consideration of cost advantages at the system level due to higher power, which would reduce the nonmodule balance of system (BOS) costs, a key benefit of increased panel efficiency. The increased value to BOS of higher efficiency accounts for the economic competitiveness of c-Si compared with CdTe despite its higher $ /W cost. In the United States, module costs account for 20%-40% of the system costs [24] . An increase in efficiency from 18%, that is currently standard for c-Si today, to 30% (our mid-term scenario for CdTe/Si tandems) would reduce the total system cost by $0.35/W, $0.17/W, $0.16/W for residential (5.6 kW), commercial (200 kW), and utility-scale (100 MW) installations. Depending on the market, these BOS adjustments result in reductions that make the tandem increasingly competitive with the single-junction incumbents. For example, on a commercial system, the tandem module cost would be $0.10/Watt higher than CdTe modules, but the total system costs would drop by $0.17/Watt due to greater energy density, which counteracts the increased module cost. On a residential system, the total cost reduction would be even greater, at $0.35/Watt to offset the $0.10/Watt module cost increase.
A key advantage with the mechanically stacked tandem approach is also the ability to interchange silicon cell technology as the different cell generations become more economical in manufacturing costs. This reduces the risk of other solar technologies eclipsing tandem cells in performance and in cost before achieving market scale. In addition, the LCOE could be lower in this higher efficiency tandem module due to lower operating temperature and improved low-light performance. These tandem modules are also compatible with future anticipated market advances in PV, such as bifacial modules and alternative cell designs for either the top or bottom cell, since the cells are simply mechanically stacked. Bifacial designs, in particular, would be beneficial in this type of tandem structure since the c-Si bottom cell dominates the cost, and a bifacial geometry uses this high-quality cell to generate additional power.
Two research developments are required to implement a mechanically stacked CdTe/Si tandem. First, an adequate transparent back contact must be developed for the CdTe top cell. Several materials have already been tested for this application, including ZnTe:Cu/ITO, ZnO:Al, [25] ZnS:Cu, [26] and single-wall carbon nanotubes. [27] Much of these results are still preliminary, and a substantial amount of work remains to develop a design and fabrication process that will be accepted by industry. Second, an approach for mechanically stacking the top and bottom cells must be established. Our analysis assumed that the CdTe and Si cells could be laminated together with a sheet of EVA. However, it could be difficult to laminate over metal contacts and uneven surfaces while maintaining electrical isolation between the two cells. Additional research and development efforts are needed to address this issue. Future research directions that would advance this type of structure beyond what is modeled here include improvements in the CdTe performance beyond the efficiencies modeled here, as well as the development of wider band gap top cell materials. In the mid term, widening the gap of CdTe by alloying would enable increased energy yield from the tandem [20] , [21] . Longer term, alternative materials are desirable with intrinsically wider gap and similar or better cost structure to CdTe. Any new materials or alloys must reach high efficiency, as the top cell's performance dominates the output power of the tandem cell.
IV. CONCLUSION
In conclusion, CdTe/Si tandem solar modules offer the prospect of >25% efficiency at a cost per Watt that is competitive with both CdTe and Si single junction alternatives. These higher power modules reduce area-related BOS costs, providing increased value especially in area-constrained applications. With tandem module efficiency at 25%, the module cost becomes $0.38/W, which is $0.10/W higher than current CdTe modules but lower than current PERC modules. At 30% efficiency, the cost of the tandem module is more compelling, at $0.32/W. These increases in module cost compared with CdTe alone are offset by BOS cost reductions of $0.16-$0.35/W, depending on the installation type. The key drivers to reduce tandem module cost even further will include developing manufacturing processes to avoid redundancy in integration of multiple cells into the same module, as well as harnessing the full power generation potential of the module by employing advanced geometries such as bifacial modules. These types of modules, which are based on commercially available devices and components, offer a near-term solution to drastic improvements in module power output.
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